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When two or more surfactants are mixed, the critical micelle concentration and solubilization capability are changed, and
a careful selection of the combination promotes the micelle formation and enhances the solubilizing capability. Thus,
understanding the mechanism behind the phenomena is essential for controlling the physical properties of the mixed
micelle. The interaction parameters 8 and B that describe the formation of mixed micelles and their partitioning of solutes,
respectively, were proposed by Treiner four decades ago.
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| 1. Introduction

Spherical micelles and vesicles can be applied to drug delivery, cancer therapy, and the pseudostationary phase for
separation WEIEBIM4 \When two or more surfactants are mixed, the critical micelle concentration (CMC) and solubilization
capability are changed, and a careful selection of the combination promotes the micelle formation and enhances the
solubilizing capability BIEIAEIE] Thys, understanding the mechanism behind the phenomena is essential for controlling
the physical properties of the mixed micelle.

The micelle formation of the mixed micelle can be described by the regular solution theory B8], more appropriately called
the simple mixture model, established by Rubingh and coworkers 19. The theory uses the interaction parameter g for a
binary mixture of surfactants. A negative value 3 means synergistic interaction, while a positive value indicates an
antagonistic interaction. The CMC of the binary mixed micelle at an arbitrary composition can be appropriately described
using the CMC of the pure surfactant and 3 (L1,

An equation can also describe the partition coefficients of the mixed micelle based on the regular solution theory.
O'Connell and Prausnitz originally derived the equation to calculate the solubility of inert gases in a binary solvent (221231
and Treiner and coworkers applied the theory to the mixed micelle system with minor modifications L4516l The
equations have been used for various mixed micelle systems [BIEILS]16IL7]18][19][20]21][22][23][24]

Treiner and coworkers carefully categorized binary surfactants and solute systems and concluded a linear relation
between the interaction parameters 8 and B when an appropriate combination of binary surfactants (nine examples) and
polar solute was used 18211 The exceptions are nonpolar solutes, nonionic surfactants with long oxyethylene chains, and
amphiphilic compounds such as yellow OB that undergo aggregation [, It has been four decades since Treiner reported
the relation and many binary mixed micelle systems partitioning various solutes. In addition, there has been progress in
modeling mixed micelle L9I251(261[271[28] and mixed solvent solubility 2B, These progresses may enforce the claim made
by Treiner or help to develop a more general model that explains the relation between 8 and B.

| 2. Theories for the Formation and Partitioning of the Mixed Micelle

According to the regular solution theory, the CMC of the binary mixed micelle of surfactants 1 and 2 can be estimated
using an interaction parameter (8) and the CMC of pure surfactants BlEl. The parameter 8 is related to net (pairwise)
interactions among surfactants 1 and 2 in the binary mixed micelle as 8 = N(Wy, + Wy — 2W4,)/RT, where N is
Avogadro’s number, W14, W»,, and Wy, are the pairwise interaction energies between surfactants 1 and 2 in the micelles,
R is the gas constant, and T is the temperature. If 8 > 0, then a repulsive (antagonistic) interaction is taking place between
two surfactants, while 8 < 0 indicates an attractive (synergistic) interaction between the surfactants. The value of 8 = 0
indicates the ideal mixture of surfactants. Experimentally, only the mole fraction of total surfactant 1 (a;) and surfactant 2
(a,) are known, where a; + a, = 1 (see Figure 1).
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Figure 1. Definition of mole fractions a; and x;.

The regular solution theory relates the mole fraction of surfactant 1 (x;) in the binary mixed micelle (Figure 1), the CMC of
the pure surfactant 1 (C;) and binary mixed micelle (C,5), and the mole fraction of surfactant 1 in total mixed surfactants
(ay) as follows.
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Since x; is the mole fraction of surfactant in the binary mixed micelle 1, x, = 1 - x; holds. If C1, the CMC of the pure
surfactant 2 (C,), C1p, and a; are known, the unknown variable x; can be calculated by iteratively solving the following
equation for x;.

C ayC'
2 aj 12] —(1— 21 [ 2012 ]
) n[mlcl (1 —21)"In -0 @)

Experimentally, the x; value is determined using ultrafiltration [BL[32133134] small angle neutron scattering B2l or a
combination of ion-selective electrodes and ultraviolet-visible absorption spectroscopy (UV-Vis) B4, The theoretical x;
value obtained using the regular solution theory qualitatively agrees with the experiment B333l According to the theory, x;
(= 1 - x») at the CMC can be estimated by the following equation:

a0 foxs
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where f; and f, are activity coefficients of the surfactants 1 and 2, respectively.

The values of x; and x, (= 1 - x;) above the CMC can be calculated using the following equation:
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where Cioig is the total surfactant concentration. The concentration of surfactants 1 and 2 in the mixed micelles (Cq v and
Cy m, respectively) with the CMC of C1, can be expressed as follows:

Cim = 21(Ciotal — C12) (7)
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By defining synergism as “micelle formation at total mixed surfactant concentrations in the solution phase lower than the
CMCs of both surfactants in the mixture”, Hua and Rosen derived the second condition for synergism (|In(C1/C»)| < |B]) in
addition to the first condition of B > 0 [28l, Likewise, they derived the second condition of antagonism as |In(C;/C>)| < B8 in
addition to the first criterion (8 > 0).

O’Connell and Prausnitz derived the regular solution theory for Henry’s coefficient of the gas in the mixed solvent (L2131,

Treiner and coworkers applied the theory to the partition coefficients of the mixed micelle for solutes with slight
modification as follows 141115]120](21]:

InKi9 = z1lnK; + (1 — :El)anz + Bw1(1 — :)31) 9)

where K1, K1, and K, are patrtition coefficients of a binary mixed micelle of surfactant composed of 1 and 2, pure micelle
composed of surfactant 1, and that of surfactant 2, respectively. The value B is the interaction parameter and should be
the same as (; however, they point out that assuming 8 = B is quantitatively not entirely satisfactory, even in the case of
nonpolar gases in simple liquid mixtures, because of the omission of the contribution of the solute in the interaction
parameter 131, Therefore, they determined B separately from B, including all surfactant/surfactant and solute/surfactant
interaction terms. Using the experimental data of the partition coefficient and CMC value, Treiner and colleagues
proposed the following empirical equation to relate the values of 8 and B [2€l:

B =0.194 + 0.3438 (10)

However, the meaning of B remained ambiguous. Recently, the author and coworkers proposed a relation 28],

B =p3— B3 (11)

B123 is an additional interaction parameter involving the two surfactants (surfactant 1 and 2) and one solute (regarding the
solute as the third component, surfactant 3, of the mixed micelle). The parameter can be determined by measuring the
CMC of the ternary system (two surfactants and a solute), the method of which is presented in the reference [28. The
information gives the change in the interaction parameter specific to the ternary system. Still, the evaluation of parameter
Bi123 requires evaluating the CMC in a ternary system and determining partitioning constants, treating one of the
components as the solute. Such an example is limited so far [28], and further investigation is required to verify and find a
relation between 3153 and 8.

Figure 2 summarizes the solute molecules used for determining the partition coefficients of the binary mixed micelles.
Most of the solutes have a chromophore such as an aromatic ring. This could be because UV-Vis measurement is
employed to evaluate the partition coefficient. In the case of UV-Vis measurement, the solute is the chromophore used in
the spectroscopy assays. Since the relationship between B and 8 depends on the polarity of the solutes, the values of the
octanol-water partition coefficient (logP) are estimated using ChemDraw 21.0.0.28.
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Figure 2. Chemical structures of solutes in alphabetical order. The system IDs are shown in parentheses. Values of logP
were estimated using ChemDraw 21.0.0.28 and colored with blue if logP = 1.96 (=logP of anthracene) and red if 1.96 >

logP.

Figure 3, Figure 4, Figure 5 and Figure 6 show the chemical structures of surfactants used for studying the formation
and partitioning of mixed micelles from the surfactants reported by researchers. The anionic surfactants include
perfluoroalkyl surfactant LFOS, which shows an antagonistic interaction with surfactants bearing alkyl groups, resulting in
a positive B value. For the Gemini surfactants B2 and bile salts 49, reviews on the interaction parameter 8 have recently
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Figure 3. Chemical structures of anionic surfactants. The compound names used in this entry are colored in blue. The
other abbreviations appear in the literature.
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Figure 4. Chemical structures of cationic surfactants. The compound names used in this entry are colored in blue. The
other abbreviations appear in the literature.
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Figure 5. Chemical structures of nonionic surfactants. The compound names used in this entry are colored in blue. The
other abbreviations appear in the literature.

Some studies of partitioning solutes using binary micelles did not provide information on the interaction parameter B. Such
cases may require a further analysis based on their data or reproducing the experiment may be beneficial to note. In the
literature, various methods were employed to analyze the micellar formation and partitioning of the solutes: surface
tension (ST); fluorescence (FL); nuclear magnetic resonance (NMR); conductance (CD); gas chromatography (GC); UV—
Vis; micellar enhanced ultrafiltration (MEUF); liquid chromatography (MLC); high-performance liquid
chromatography (HPLC); and micellar electrokinetic chromatography (MEKC). The most popular method to determine is

micellar

ST, while the most popular method to determine B is UV-Vis measurement. MEKC was recently introduced and related to
the regular solution theory to analyze the mixed micelle 24, The method can determine not only the partition coefficients
[42143] Kyt also the kinetics of the solute permeation of the micelles “4l45] Various methods were used to analyze the
interaction parameters, but comparative studies of the different methods to determine the interaction parameter for the
partitioning of solutes using the same surfactants and solute combination have not been reported to the best of the
author’s knowledge. The systems of the binary micelles are categorized with the types of composing surfactants:
anionic/anionic (AA); cationic/cationic (CC); nonionic/nonionic (NN); nonionic/anionic (NA); nonionic/cationic (NC); and
anionic/cationic (AC) surfactants. In general, the interaction between the two surfactants is mainly due to electrostatic
forces, and the strength of the attractive electrostatic interaction parameter 8 decreases in the order of AN > NA = NC >
AA = CC = NN surfactants 1127,
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